L arge disparities exist in the burden of HIV across racial groups in the United States. Specifically, black individuals are greatly overrepresented in new HIV diagnoses, with an estimated 44.7% of new infections in 2015 being attributed to this population. 1 Disparities in HIV incidence and prevalence are even more acute among young men who have sex with men (YMSM), 2 with recent surveillance suggesting HIV prevalence was 26% among black YMSM compared with 3% among white YMSM, in individuals who were tested in 2014. 3 Despite these large disparities, there is no evidence of greater levels of risk behavior or lower levels of protective behaviors among black MSM or YMSM 4,5 compared with their white peers. 6, 7 Although some of this disparity may be explained by access and engagement in biomedical prevention (eg, antiretroviral therapy or, more recently, preexposure prophylaxis), [6] [7] [8] these differences alone are unlikely to explain the substantial and persistent racial and ethnic disparities in HIV. 9 Accordingly, research has increasingly turned to contextual factors to explain disparities. 2 The structure of sexual networks has been a key focus of this research given the importance of these structures to the spread of disease and the nonrandom formation of sexual ties across racial and ethnic groups. 10, 11 Concurrency, or the overlap in sexual relationships in time, has been a primary focus of network research to explain variation in the spread of HIV through sexual networks. Simulation studies suggest that concurrency increases the spread of HIV through a sexual network even compared with an identical number of serial monogamous partnerships. This is due to the higher likelihood of transmission among individuals in the acute stage of infection and the greater level of connectedness in sexual networks with high levels of concurrency. [12] [13] [14] [15] Recent evidence also supports this conclusion, finding that individuals who report concurrent partners are more likely to be biologically linked in clusters of HIV (ie, via phylogenetic analysis). 16 Therefore, variation in rates of concurrency are hypothesized as a network feature that could explain persistent racial disparities [17] [18] [19] without difference in the number of sexual partners. However, mixed results have been reported regarding variation in concurrency across different racial and ethnic groups among MSM with several, 4, 20 although not all, 21 studies finding no significant differences across groups.
Similarly, racial homophily in sexual networks (ie, greater likelihood of selecting sexual partners with the same race) has also been a focus of research examining network explanations of racial disparities in HIV. Although homophily cannot explain the emergence of disparities, higher levels of homophily could help maintain higher rates of infection within high prevalence groups because of the racial segregation in sexual networks. 22 Preliminary studies have identified strong racial homophily in the sexual networks of MSM [23] [24] [25] and YMSM. 26 Nearly all studies examining sexual networks of MSM have relied on personal (egocentric) network capture to examine these sexual networks because capturing the entire sexual network of a population (ie, whole network) is infeasible due to the large size of these networks and exorbitant cost of trying to obtain this data. Personal network research largely limits network inference given that a limited set of network features can be observed in these networks. 27 Although both homophily and concurrency can be observed in personal networks, the implications of these features at the whole network level are difficult to infer. However, recent advances in personal network modeling using exponential random graph models (ERGMs) have enabled the simulation of whole network structures using available information from sampled egocentric networks. 19, 28, 29 Using this method, we can move beyond simply documenting local network features to also examine how models based on these features manifest at the whole network level to differentially expose certain groups to higher levels of risk. Given that variation in concurrency has been identified as a potential driver of racial disparities at the whole network level in a predominantly heterosexual sample in the United States, 19 the current study explores this phenomenon among YMSM in an effort to (1) examine whether the strength of 2 network features (racial homophily and concurrency) vary across race/ethnicity and (2) explore the impact of these features on macro level structures that may influence the spread of HIV through networks (eg, size of connected components). Therefore, this study will extend beyond previous research by not only modeling sexual networks in a large sample of YMSM (n = 1012) but also by extrapolating from these models to better understand structural characteristics that cannot be directly observed that may differentially place certain racial groups at greater levels of risk of HIV infection.
METHOD
All data come from RADAR, a longitudinal cohort study aimed at identifying the multilevel factors (individual, dyadic, network, and biomedical) that drive HIV and sexually transmitted infections among YMSM in Chicago, IL. 30, 31 Participants were asked to complete an initial baseline assessment, with subsequent visits occurring every 6 months. However, because the current analysis focuses on a crosssectional assessment of the whole network structure, all data in the current analysis come from the first (baseline) interview.
Participants
All participants enrolled in the cohort met the following criteria: they were between age 16 and 29 years, male assigned at birth (eg, transgender women were eligible), English-speaking, and had a sexual encounter with a man in the previous year or identified as gay or bisexual. Participants were recruited in 3 ways: (1) from previous cohorts of sexual and gender minority youth (Project Q2) 32 and YMSM (Crew 450) 33 and a new 2015 cohort; (2) through being a serious romantic partner of an existing RADAR cohort member; or (3) through peer recruitment by an existing RADAR cohort member. Details about the previous cohorts can be found elsewhere, 32, 33 whereas the new 2015 cohort was recruited using venue-based, peer-referral, and online recruitment methods. Peer recruits were required to meet the same criteria except that age was restricted to 16-20 years to achieve an accelerated longitudinal design. 34 At the time of analysis, 1012 participants had completed their first network interview and were included in the current analysis.
Procedure
Participants completed a network interview, a self-report psychosocial survey, and biomedical specimen collection (HIV, sexually transmitted infection, and/or drug screening) at each interview. The current analysis focuses on data collected during the network interview. The network interview consists of an interviewer guided network elicitation using netCanvas-R, a touch-screen optimized interview protocol for capturing social, sexual, and drug use networks among YMSM. In brief, the tool is structured so that social, drug, and sexual network members are first named by the study participant. Next, important attributes of these individuals are captured, along with attributes of the connections between the participant and network members. Additional details regarding this tool can be found elsewhere. 35 The main attributes of sexual partners used in the current analysis are age, race/ethnicity, and perceived HIV status. Race was recoded as black/African American non-Hispanic, Hispanic/ Latino, white non-Hispanic, and other/multiple non-Hispanic to have large enough numbers of each group for modeling purposes. Participants were also asked to indicate the HIV status of each partner the last time they had sex. Perceived HIV status was recoded dichotomously, indicating if a sexual partner was perceived/known HIV-positive compared with either negative or do not know. Data collection began in February 2015; this study uses baseline data collected through January 2017. Participants were compensated $50 for their time, and all study activities were approved by the Institutional Review Board of the Northwestern University. Finally, informed consent was obtained for all participants aged 18 years and older. For 16 and 17 year olds, informed assent was obtained and parental consent was waved with an institutional review board-approved waiver of parental consent. For these participants, informed consent was obtained for subsequent visits that occurred after the participants turned 18 years.
Concurrency
Momentary degree in a sexual network (ie, current sexual partners at a given time point) is the commonly used metric to understand concurrency and most accurately reflects the concept of capturing simultaneous sexual partners. 36 Sex was defined as anal, oral, or vaginal sex, and the full day, month, and year of the first and last sexual encounter was captured for each partner within the previous 6 months. Sexual partners were included in this analysis if they were current sexual partners of the participant 3 months (ie, 90 days) before the interview date. "Current" was, therefore, defined by the date of first sex occurring 3 months before the interview and the date of most recent sex occurring 3 months after the interview. The date 3 months before the interview was chosen because participants reported on all sexual partners during the 6 months before the interview and, therefore, 3 months represented a midpoint in this reporting timeframe allowing for an equal time of "observation" before and after this date.
Exponential Random Graph Models
ERGMs (also known as P* class models) are an advanced series of models for social network data. ERGMs allow for prediction of selection effects (ie, which individuals have network ties) based on properties of both structural network characteristics (eg, do the 2 individuals share a friend?) and node attributes (eg, age or race/ethnicity of an individual). 37 In contrast to traditional methods for modeling the existence of a tie (eg, logistic regression), ERGMs provide standard errors for these parameters that account for the dependency between individuals by comparing the observed parameter to randomly generated networks with the same number of nodes as in the observed network and controlling for other modeled network characteristics.
Traditionally, ERGMs have been applied to "whole network" data where a census of all individuals is known, and all ties between these individuals are observed. However, recent advances in ERGMs have enabled the modeling of egocentric network data to make inferences about whole network characteristics. Although full technical details of this approach can be found elsewhere, 19 this method estimates ERGM parameters that best align the simulated whole networks with the local network properties observed in sampled networks. Previous validation work has indicated that this method can accurately represent whole network features through sampling of egocentric networks. 19, 28, 29 All analysis was completed using ergm.ego package 38 in R.
Models and Model Fit
Using the egocentric ERGM approach, we fit a series of models to examine whether differences in homophily (ie, having sexual partners of the same race/ethnicity) and a tendency for concurrency varied across race/ethnic groups. The baseline model (model 1) includes a main effect for each race/ethnicity group, a term for homophily by race/ethnicity constrained to be equal for all groups, a main effect for HIV status, a term for homophily of HIV status, a main effect for age, and a homophily term for age (ie, absolute value of difference in the age of partners). Model 2 is identical to model 1, except homophily is freed to vary across race/ethnicity group. Model 3 added a single term for the number of concurrent ties but constrains these parameters to be equal across all race/ethnicity groups. Finally, model 4 examines whether the parameter for concurrent ties varies across race/ ethnicity groups by freeing this parameter to be separately estimated for each group. All models were estimated with an estimated population size of 15,553 individuals based on previous estimates of 12,259 YMSM (aged [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] in Chicago 39 and the percentage of non-YMSM sexual partners (ie, both nonmale sexual partners and male partners over the age of 29) reported in the current data (26.9%; 3294). Models will first be evaluated by comparing the degree distribution of the estimated model with the distribution observed in the sampled networks, with higher concordance between these distributions indicating better model fit. In addition, the effect of freeing the concurrency parameter will be examined by specific comparisons of these parameter estimates with the main comparison being between black and white non-Hispanic participants.
Measuring Network Exposure Risk
We simulated whole networks using the estimated model parameters and examined a number of network features within these simulated whole networks that may place individuals at higher levels of risk of HIV, similar to a previous study using an egocentric ERGM approach. 19 Importantly, these simulated networks do not represent any observed whole networks of YMSM. Rather, these simulated networks represent the whole networks, including both attributes and ties, that are most likely given our model parameter estimates derived from our egocentrically sampled data. The network features we examined are as follows: the proportion of individuals in a component not connected to an individual perceived to be HIV positive, number of steps to an individual perceived to be HIV positive, and the proportion of individuals in a component of size less than 3. The proportion of individuals in a component not connected to HIV indicates an individual is disconnected in the sexual network from an HIV-positive individual. The number of steps to a known HIV-positive individual reflects the number of sexual partnerships that separate individuals from a perceived HIV-positive individual if there is such an individual in the connected component. The proportion of individuals in a component of less than 3 reflects the overall exposure risk, regardless of known HIV status of the individuals in that component. The proportion of individuals in a component of less than 3 was used in effort to examine the potential for HIV to spread quickly through the network (ie, within large connected components), regardless of participant's perceptions of HIV among their sexual partners. This metric has also been used in a similar study 19 in effort to evaluate risk of HIV within a sexual network.
For each model, 100 simulated networks will be generated using the parameter estimates for that model, and the distribution of each measure of network exposure risk will be calculated across race/ethnicity groups (either the mean or the proportion). Although the network features examined in this study are not observed from the sampled personal networks, they are inferred from the model and should approximate whole network features if the model is correctly specified. Accordingly, we will examine (1) how exposure risk changes across each model and (2) how race/ethnicity groups vary in their risk across each model.
RESULTS
Descriptive statistics regarding the participants and their reported sexual partners can be found in Table 1 .
Participants were predominantly black (33.9%) and Latino (29.9%) with white sexual partners being overrepresented (32.9%) relative to participants (24.8%). A sizable minority of participants (13.0%) and sexual partners (7.4%) were known or reported to be HIV positive. Finally, participants were slightly younger on average (M = 20.7) compared with their sexual partners (M = 24.6).
Models
Results for all 4 models can be found in Table 2 . Model 1 indicated that there was a significant tendency for racial homophily [estimate (SE) = 1.13 (0.10), P , 0.001]. However, the model poorly fit the data with substantial overestimation of the number of nodes with 0 or 2 sexual partners and significant underestimation of the number of nodes with 1 sexual partner (Fig. 1A) Furthermore, examining the differences across homophily coefficients, black participants showed a significantly higher level of homophily compared with white (z = 2.67, P = 0.008), Latino (z = 4.07, P , 0.001), and other (z = 5.04, P , 0.001) participants. However, the model still poorly fit the degree distribution, with the number of individuals with 0 or 2 sexual partners being underestimated and the number of individuals with 1 partner being overestimated (Fig. 1B) . Model 3 indicated that there was a significant tendency against having concurrent ties [estimate (SE) = 21.06 (0.28), P , 0.001]. In addition, the same results for homophily, age, and HIV status held for this model. Furthermore, the model substantially improved in fit (Fig. 1C) . Finally, there was no significant difference across estimates for race-specific concurrent ties in model 4, despite nonsignificant variation in coefficients values. evidence that allowing for separate estimates of the tendency for having a single sexual partner varied across race/ ethnicity groups.
Network Exposure Risk by Race/Ethnicity
Next, we examined how each model impacted several whole network structural characteristics that may impact each racial/ethnic group's risk for HIV acquisition. Given that model 3 is the most parsimonious and best fitting model, we again use this model to examine racial differences in network risk. Figure 2A presents the mean step length (ie, number of ties to traverse) to a known HIV-positive individual by model and race/ethnicity, whereas Figure 2B represents the proportion in a network component without a known HIV individual. Black individuals were at the highest risk on both metrics showing the lowest percentage of individuals in components without an HIV-positive individual (48.1%) and the lowest average number of steps (6.0) to a known HIV-positive individual. In contrast to HIV-related risk, the general metric of network risk showed that white individuals had slightly elevated risk. That is, an average of 52.8% of white individuals were in a network component of 3 or fewer individuals, regardless of their HIV status, compared with 55.6% of black individuals in such components (Fig. 2C) . Finally, looking across models, we saw some variation in the absolute values of these network characteristics. However, relatively minimal change was witnessed in the relative values between racial/ethnic groups across models, with some exceptions (eg, proportion of white vs. black individuals in a large component from models 3 and 4).
DISCUSSION
Identifying network and other contextual features that may place black YMSM at higher risk for HIV remains a high priority for HIV research, particularly given the paradox of large racial disparities in HIV incidence but few differences in individual risk behaviors by race. The current analysis identified high levels of racial homophily in the sexual networks of YMSM and indicated that homophily varied across racial/ethnic groups, with black YMSM reporting the highest levels. In contrast to homophily, we found little evidence that concurrency varied across racial/ethnic groups. Therefore, this finding adds to previous studies finding that concurrency is unlikely to explain the dramatic racial disparities in HIV witnessed among MSM 20 and YMSM. 4 Given that this study was exclusively focused on YMSM, this finding does not suggest that concurrency plays no role in the spread of HIV among MSM or in driving racial disparities in other populations, as previous work using this same method suggests. 19 Rather, these findings suggest that concurrency does little to help explain the wide variation in HIV within YMSM across race and ethnic groups.
Rather than merely end our investigation at the existence of variation in racial homophily and the absence of variation in concurrency, the unique analytic approach used in the current study also allowed us to extrapolate from these models to examine what the whole sexual network may look like if our models are accurate. We found that whole network features directly related to HIV (eg, being in a connected component with an HIV-positive individual) indicated higher levels of exposure risk of black YMSM. By contrast, the network feature that does not explicitly take into account the HIV status of partners (ie, being in a small connected component) showed the opposite, with white YMSM being at slightly elevated level of risk. These findings suggest that high levels of homophily within black YMSM sexual networks, in combination with higher levels of HIV prevalence in this group, likely contribute to the persistence of HIV disparities in this group. This risk is reflected in the substantially greater likelihood of being in a component with a known HIV-positive individual and shorter distance to these individuals when in such a component. These findings concur with other recent modeling efforts that have implicated the importance of existing prevalence differences in the persistence of racial disparities. 40 The results also highlight an additional paradox from a network perspective: while white YMSM were more likely to be in a riskier network location (ie, a large network component), they were less likely to be in a component with a HIV-positive individual. However, high levels of homophily are insufficient to explain the substantial racial disparities in HIV witnessed among MSM, and homophily alone cannot explain disparities by race/ethnicity that are sustained over many years. 9 Accordingly, even with these new insights, our understanding of racial disparities remains incomplete, and other characteristics must be identified to fully explain the persistence of these disparities.
In addition, the current finding of greater racial homophily in the sexual networks of black YMSM does not mean that mechanisms that give rise to these network characteristics are immutable. In fact, identifying the causes that shape these network features in the sexual networks of YMSM remains an important goal for future research. The high level of racial homophily observed in the sexual networks of black YMSM is unlikely to have occurred by chance. For example, previous studies have found dispreferences for black sexual partners that may place constraints on the sexual networks of black MSM. 41, 42 Studies into the root causes of this homophily would be especially helpful for articulating interventions to combat the underlying resulting health disparities. 43 A primary limitation of this analysis is that the egocentric networks were not drawn from a probability sample of YMSM given the use of nonprobability recruitment methods such as partner recruitment. Similarly, network data were collected via an interviewer-guided process, which may suffer from social desirable response biases (eg, under reporting sexual partners or inaccurate HIV status elicitation). However, initial validations of the egocentric ERGM approach have assumed that the participants were sampled randomly from the network and that the networks were measured without error. 19, 29 Accordingly, as egocentric ERGM approaches continue to mature the robustness of model parameters to violations of these assumptions should be evaluated. In particular, examinations into how sampling and measurement error may impact inferences regarding cross race/ethnicity differences would be particularly beneficial. Relatedly, this cross-sectional method represents a simplified modeling approach of dynamic sexual networks as it merely provides a "snapshot" of the sexual networks during 1 moment in time. Although the current method provides insight regarding the context of risk within a large sexual network, other methods such as agent-based modeling 44 that explicitly model the spread of HIV through dynamic simulated networks may provide additional insight into how contact network patterns shape racial disparities over time. 9 For example, previous studies have compared different forms of concurrency such as embedded (ie, having a second partner that starts and ends entirely within another longer-term partnership) versus transitional concurrency (ie, the end of 1 partnership overlapping with the beginning of another). 45 However, the analytic approach in the current study could not distinguish between these types of concurrency. A more nuanced analysis that could separately model multiple forms of concurrency (eg, in an agent-based model) could provide addition insight into how variation in types of concurrency may impact racial disparities in HIV.
Notwithstanding these limitations, this analysis offered one of the first examinations of how network mechanisms manifest at the whole network level and may impact racial disparities in HIV. These findings suggested that high levels of racial homophily, in conjunction with existing prevalence differences, likely place black individuals at high levels of risk within the sexual networks of YMSM. Yet, additional explanations are required beyond homophily to fully account for the perpetuation of racial disparities in HIV. Future studies that articulate such explanations and, importantly, studies that investigate the forces underlying the formation of these network characteristics would be particularly useful as this work would be best positioned to inform preventive interventions.
